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Study has been initiated of the deposition of thin films using cluster ions in differing abundances
generated in a pulsed inductively coupled plasma. A pulse unit controlling the “on” and “off”
timing ratio of a 13.56 MHz rf power supply is used to alter systematically the composition of the
contents of the plasma. Adamantd@H4¢) vapor, in argon or nitrogen, was selected as precursor

for the deposition of ¢H, or C,N,H, thin films using this pulsed source. The effect of varying the
relative abundances of the cluster ions present in the resultant plasmas on the films produced, by
changing driving power on/off ratio, is investigated. The mass-energy diagnostic data recorded
under 50/150 and 150/50s on/off pulse sequences showed that fragmentation gfiG is a
function of the switching ratio selected, i.e., clusters of different sizes and abundances are thus
produced. Langmuir probe data also suggest that the electrical characteristics of the plasma
generated under these regimes can be monitored. Postdeposition x-ray photoelectron spectroscopy
(XP9) analysis of specimen films deposited under the same on/off regimes, within @s26@le,
indicate clear differences are present in these films in terms of the atomic concentration,sthe C 1
envelope bandwidths, and profiles. Contact angle measurements and optical data performed were
found to reflect the variations in the differently deposited films already indicated in the XPS data.
For example, specimens deposited under a 50/150 on/off ratio show a high contactlangle
surface energyand lower refractive index, whereas those deposited under a 150/50 ratio exhibit a
low contact angléhigh surface energyFilms prepared using the same precursor streams but with
the further on/off ratios, 20/180, 100/100, and 20/18€) were also considered. Postdeposition
analyses confirmed the same tends in the fragmentation behaviggtfsCFinally, the significance

of such a cluster ions selection technique is discussed20@2 American Institute of Physics.

[DOI: 10.1063/1.1435417

I. INTRODUCTION clusters and lo&® mass cluster ions but very few relate to
3-10 carbon atom systems. The present work addresses the
Different carbon and hydrocarbon sources have beefragmentation, in an inductively coupled rf plasma, of the
used as precursors for the growth of diamond-like amortricyclic hydrocarbon adamantane and the significance of this
phous carbon(DAC) and hydrogenated carbon nitride with respect to film deposition.
(CNyH,) films with the ultimate aim of synthesizing wear ~ The hydrocarbon, adamantane, and its triaza-analogue,
resistant films which offer good chemical, optical, mechani-hexamethylenetetramine as precursors are kAdavimvolve
cal, and tribological propertigsTraditionally, graphite and molecular fragmentations giving substantial abundances of
low molecular weight hydrocarbori€,H, and GH,) have relatively stable polyatomic clusters. As a result, faster depo-
been the main carbon sources used for the deposition of digition, different, or even better DAC-type films may result
mond, DAC and (NyH, films deposited using various from such precursors under appropriately selected running
plasma regimes. In this context, higher molar mass molgonditions. In the course of the study of the mass-energy
ecules such as adamantanegt@ (136.24 MW, are of in-  nrqfile of the contents of an inductively coupled rf plasma,
terest in that these offer the possibility of deposition viagerived from the ArlGyH s System, differently sized clusters
CiHy clusters of significant sizéwherex=3-10. An im- significant abundances were observed in the power range
portant potential benefi.t in .this case .is that carbon C'“_Sterﬁsed(SO—ZOO W at 13.56 MHz These clusters, demonstra-
are reportetito play a significant role in the growth of dia- bly, had reasonable stability/lifetimes, i.e., the abundances of

mond,_ DAC, ano! related _CN films. However, tuning \4rious clusters observed change as the applied power, in the
selectively cluster ions has still to be addressed. Note, thergi st instance. was switched manually, up or down in the

are many reports dealing with either highmass carbon j,icated operating power range. For better control and con-
venience, a switchable power supply, offering a selected

dAuthor to whom correspondence should be addressed; electronic maii‘:ON/'OFF" dUty CyC|e _at a g'Ven power Ieyel was deS|gned
daz_ze@hotmail.com and implemented. Using this, near selection of cluster abun-
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Turn on TABLE |. Summary of the XPS and contact andl®) data of the films

Plasma controll 1, off deposited under 120 W, 6 mTorr, usingy8;¢/Ar (Dy;—Do, and Dyg—Dy7)

Trigger E E é : and GgH;¢/N, (Dos—Dgs and Dyg—D;3) gas mixtures and the following on/
= * Sample _,u: : off ratios: (a) 50/150us, (b) 150/50us, and(c) 180/20, 20/180 and 100/100
i HH us. Sample [gyis a blank sample showing 24.5 and 29.3 for $BRd Si 3,
E M respectively.
r.f control s
HE on/off Ci1s N1s O1s Width Contact angle
+f OFF E . rf ON _ : Sample (us) (at.% (at.% (at.% (eV) °)
. > - - - @
[a] Pulsecontrolunit  Delay Delay Du 50150 980  — 20 17 83
Do> 50/150 98.0 — 2.0 1.7 84

sopvm rm— Dps  50/150 87.0 100 30 20 74
Syzem ety Dy,  50/150 860 80 60 20 72
Dps  50/150 910 7.0 20 20 72
(b)
Dy  150/50 860 — 140 18 68
Dy,  150/50 880 — 120 17 70
Dps  150/50 700 170 130 25 67
Dy  150/50 670 250 80 2.7 42
D, 150550 670 300 30 2.8 41
(©
Doo — 190 — 2712 — 49
D, 180/20 580 385 35 33 34
[b] Pulse plasma system e D, 20180 930 40 30 19 77
D,  100/100 720 250 30 27 64

FIG. 1. Pulse plasma processing system. Simplified schematic of the pulse
unit controlling the rf power supply which generates the rf plagoa);
overview of the plasma system during processingttom).

dancés) for a chosen ior(or iong is achievable. In conse- the collection of diagnostic data at any user-defined point of

guence, films can be deposited, using a selected cluster H?e on/off duty .cycle". A H|Qen (Model: EPQ50) mass- .
from a mixed- cluster regime where one or two clusters ar&Ner9y d|ag_nost|cs sy;tem fitted to the vacuum vessel used in
dominant, without sophisticated mass-selected filtering. Aéhe erpsmon experlmentls was used'to analyze the mass
described, successful selection of clusters has been achievéjc'ft”but'onS of the cluster ions present in the pulsed plasm_a.
using a pulsed rf inductively coupled plasiii@P) under the In the c_urrent \_/vork, we report on th(.:‘ p'aS”Pa composi-
deposition conditions outlined in Sec. Il. The plasma conion d_ete_rmmed using the mass-energy diagnostic system and
tents were characterized by mass spectroscopy and Langmfﬁ? thm-fl!‘m speﬂmme_ns prepared using a Z&K)duty cycle,
probe plasma diagnostics, while the deposited films wer ith the “on/off Penods (us) changed for the seriesol-
characterized by x-ray photoelectron spectroscopy, contagt3 aS follows: = Dy, Dog(50/150), DOG_DlO(lSO./SO’
angle, and optical measurements. 11(180/20.’ .D12(29./180’ D15(100/100. BIanI.<3 unbiased
surface-oxidized silicon coupori$—3 cn?), typified by Dy,

(~2 cn?), cleaned ultrasonically in redistilled iso-propanol
just prior to deposition, were used as substrates. Note, the
Adamantane, GHq¢, as a precursor, fragments in the total duty cycle itself in all cases remained at 208, and

plasma to give clusters of significant size with reasonablehat “xx/yy’ means that the plasma is switched “on” for
stability/lifetimes in the user-defined running regime of the“ xx’ us then “off” for “ yy’ us throughout the 10 min depo-
ICP source. The abundances of the various clusters generatsition period used. Reliable control of the deposition regime
are found to change as the applied power is switched up orequires a constant flow and a constant pressure of the pre-
down in the 50—200 W rf power level range. Running thecursors for running with the chosen fixed argon or fixed ni-
power supply in the switched mode, for a chosen powetrogen flow, over an extended and controllable period of
level, gas pressure, and flow, a power “on/off” ratio can betime. Therefore, to have better control of the precursor vapor,
set so as to favor the presence of particular clusters in thever realistic run times, the deposition systéhtwas fitted
plasmas. The pulse unit was designed and engineered imith a heatedT<110°Q vapor source(MKS 1150, gas
house, then integrated with the processing sysfesimpli- mass-flow controllerdMKS 1179 and a main controller
fied schematic explaining the operating mode of the puls€éMKS 247Q. For the films discussed here, deposition was
unit is shown in Fig. 1. The pulse unit was used to drive thecarried out at 120 W wit a 6 mTorrtotal gas/vapor mixture
plasma in a series of different pulsed on/off cycles by switchpressure taa 5 sccm argon or nitrogen flow. The on/off duty
ing “on” and “off” the power delivered by the rf generator cycle regimes switching the plasma on and off are summa-
to the ICP source in user-defined, near square wave formsized in Table I.

The unit was also fitted with a programmable sample signal The Langmuir probe and the associated electronics used
which can be switched by choice into the electronics of thevere also designed and develoffeth-house along with a
diagnostic tools availabléhe mass-energy spectrometer or suite of Windows-controlled acquisition and data reduction
the Langmuir probe This facility allows the triggering of software. The pulse unit referred to above was fitted to the

Il. EXPERIMENT
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Langmuir probe in order to investigate the electrical charac-
teristics of the plasma as a function of the various on/off
regimes within the chosen duty cycle. The self-compensating
Langmuir prob&® used consisted in this case of a thin tung-

sten wire appropriately positioned in the plasma. In practice,
this probe, driven by a programmable dc voltage, is used to

Sul QI(Zplet

output the electrical characteristics of the plasma, i.e., bulk ST

electron temperatur&T,, plasma potentialV,, floating N

voltage Vs, electron energy distributiofeed, and ion/

electron density §;, N.), etc. The current drawn by the Low surface energy High surface energy

probe is measured as a function of the driving voltage

extract anl-V characteristic which is governed by the com-

position and the thermodynamic state of the plasma. . FIG. 2. Schematic showing the complementarity of surface energy and con-
The GH, films (Dy;—Dg,, Dgg—Dy7) and those contain-  tact angle.

ing nitrogen GNyH, (Doz—Dgs, and DQg—D;3), were pre-

pared using the rf13.56 MH2 ICP system from the appro-

priate  gasivapor mixtures, ArfgHis Or  Na/CygHs, (CxNyH,), a systematic study was carried out to determine
respectively. After deposition, x-ray photoelectron spectrosy,o. the selected deposition regime affects the plasma. The

copy (XPS) characterization was carried o8k situin an  poper level of the rf plasma and the operating pressure play
XSAMB00 (Kratog system with a hemispherical energy ana-5 gominant role in the fragmentation of adamantane in the

lyzer ((r)=127 mm, in the FAT mode with a pass energy of jnqctively coupled source used, consequently on the plasma
38 eV), using nonmonochromatic Mg, excitation(anode  omposition(and therefrom, the deposited filmsThe ob-
voltage 13 kV, at 18 ’[‘fgﬂ”: 1253.6 eV). The XPS systém  geryed abundances of clusters of a particular size resulting
operated at~5x10"" Torr and was calibrated with o the fragmentation of adamantane molecule, is found to
Ag 3ds,, indicating a full width half maixmum of 1.3 eV. In be a function of the power level and the processing gas
order to facilitate the comparison of the specimens as afun%akeup and pressure. For instance, at a low gas pressure
tion of the deposition regime, namely the power applied, the_q mTorr, a higher power level will be favorable to the
on/off ratio, the compositiofiat. %9, width at half maximum presence of low mass clusteraass~26) whereas, a lower

of the CX envelope, band shapes and chemical shifts ar(?ower level will provide a larger cluster mass range, includ-
considered. Structural analysis of the XPS data involveqng clysters in significant numbers at high masses. Similarly,
curve fitting of C and N X envelopes using a Gaussian o 5 chosen power level, a low gas pressure will show low
line shape to give CN bonding patterns based on the mode|g 455 clusters in contrast to the behavior at higher pressures,
reported e!sewher’é. , _giving cluster masses in the range of 12—136. This is illus-

~ Following the XPS analysis, contact angle characterizagaieq in Fig. 3a) where the abundance and size of the clus-
tion was undertaken to further qualify the results obtainedgg gre related directly to the power level and gas pressure,
using an automated PC-controlled systé6SV Instruments e.g., at 150 W at 1mTorr, the mass 26 clustesHS, is

Ltd.,CAM 200 model, operating a charge coupled device yominan{Fig. 3al)] whereas additional species appear in a
camera and frame store, through the comprehensive data &%mparable proportion at 80 W and 1.3 mTiFig. a2)].
quisition and data reduction software provided. An accurate, iy an increase of the pressure to 23 mTorr for 80 W

volume-selectable, motorized microsyringe droplet diSTFig. 3a3], induces a change in the cluster population, in

penser, together with image captuiep to 25 frameslsis e sense that a much higher abundaiimensity appear for
included. Typically, with 5ul droplets, the reproducibility of C,H clusters(mass 93

the contact ansgllg determined via the software-5°. The A significant operational factor, resulting from the ob-
contact anglé*° ¢ is defined as the interfacial tension be- goryeq stability of the cluster species in the plasma, is the

tween a solid, a liquid, and a vapor and is a measure of thgitchable on/off ratio chosen to drive the plasma at a se-

surface energy of the solid surface un_derneath the microdropected power level. For a chosen deposition regime, in terms
The form of the droplet and the resulting contact angle given, power level and operating pressure, flow etc., if the

by the tangent is_ illustrated in Fi.g. 2 as a function .of they|asma is switched “on” and “off” to give a particular on/
surface energy. Finally, the refractive index and the thicknesggt rati, clusters of particular size appear preferentially un-
of the deposited films were measured using an ellipsometgfe giagnostic mass analysis of the plasma contents. It
(Transtronics Ltd, Model MK. )i, calibrated with a blank 14 be noted that the plasma itself is not switched ON and
silicon sample and, equipped with a 6328 A wavelength laseprr 45 the supply is driven, rather the cluster composition of
(Novette, Model 150P-0where the incident beam and the yhe plasma changes because of the differing stabilities of the
collection angles are at 70°, respectively. clusters present as the applied power is pulsed on and off.
IIl. RESULTS AND DISCUSSION Figure 3b) shows typical examples of how the on/off ratio
influences the plasma contents, and Fig3B gives the full
mass spectrum of the adamantane molecule fragmented un-
Prior to the current work reporting on the cluster depo-der 70 eV electron energy impact, exhibiting clusters over
siton of DAC and its nitrogen-containing analoguesthe fragmentation range scanned. In this particular case, the

High contact angle Low contact angle

A. Cluster selection
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2 N0 [ ‘
3 Plasma "On" Time {us]
5 23mTorr
) 4.510° SOW FIG. 4. Relative abundances of NindN™ as a function of the on/off ratio.
= Ar/C,H,
g 310
2 1510° N, . This inversion of N to N* ratio from the low to higher
0 “on” period may play a role in the deposition of nitroge-
0 20 40 60 80 100 120140 nated DAC. By controlling the duty cycle of the plasma, we
Mass [amu] now have a means of fixing the2+I5(IN+ ratio during growth
of DAC films and thereby allowing a better understanding of
the growth mechanism.
1800
— 1] 150/50yss _ _
3, 1200 [b Somtore B. Plasma diagnostics
— I
§ AriCoHle All the electrical data extracted using the Langmuir
5 600 probe were measured under 108 duty cycles(a) from a
2o 1 . nitrogen plasmd&30 mTorr, 200 W, and on/of& 50/50 us)
o 4500 2] 50/150ps for the eed only andb) from an argon plasméO0 mTorr, 50
f 1500} ?;"OTV‘;,“ W with the “on” time varying from 20 to 80us) for kT,
b Ar/CH, Vp, Vi, N, andN;. The latter parameters were measured at
3000} ’ ' ‘ i “opn” ti
é 20 us into the rf “on” time because the rf power supply
2 ol takes~10 us to stabilize to the set. The eed functions were
,é“ 610°f [b3] - Colls collected at 52us (just before the power switched dfind at
v 410'} 79 9 57 us (after the plasma has stabilized post rf switch) aiffi
g 2100 c,H;CflL ; a 50/50us on/off sequence. The results of the plasma diag-
E u 107 121 nostics are given in Fig. 5, showing thaf,, V,, andV; are
Ok L functions of the on/off ratio. It also indicates that as the “on”

* T Y T e — U T
o 20 43\,1;5(; [;&ul]oo 120 140 increases, more energy is coupled intc_) the plas.m:_:l which
transforms itself into plasma temperat(ifég. 5a)]. Similar

FIG. 3. Mass distribution of GH,¢ fragmentation as a function of the behavior is observed fd‘ﬁe andNi with N;>Ng, [Fig_ 5(b)]
_experimental con(_:iitione{a) Importance of the power level and gas pressure Suggesting that the electrons are lost in the plasma faster than
in the fragmentanon of GHy6. (b) Importance of the on/off regime&0/ ions at the end of each “on” timéz. The eed measured at 52
150 and 150/5Qus) in the fragmentation of GH,s. (b3) shows the frag- . . e .
mentation of GgH; at 70 eV electron impact, the reference spectrum. ~ @nd 57us trigger positions also exhibit clear differences, as
expected Fig. 5(c)]. Finally, the electrical characteristics of
the plasma, under given conditions, such as power level, gas
pressure, and makeup, can be monitored by pulsing the
hréjasma at user-defined on/off regimes and data sampling po-
sitions. Controlling the cluster ion abundances and the
plasma parameters could help in anticipating the properties
of a surface treated under controlled conditions. The signifi-
cance of the on/off ratio in regard to just what is then depos-

ited follows.

plasma is “on” continuously. Figures(B1) and 3b2), in
turn, show the diagnostic mass spectra obtained running t
plasma in the pulse mode, with 150/50 and 50/150 “on/off”
duty cycles, respectively. It is clear that the 150/50 ratio
gives predominantly low mass clusters, notably(26d the
argon ion at mass 40The shorter the plasma “on” period,
for example 5Qus “on” and 150 us “off,” the higher cluster
masses appear. This is illustrated in Figh3, with masses . . ,
at 26, 41, 53, 67, 79, 93 and, now mostly, at 136. Highe/C: XP'S analysis of cluster deposited films
masses are clearly more abundant in Figp2B as opposed Different “on/off” regimes (Table ) have been chosen
to their relatively low abundances in Fig(d3). to generate the potentially different structural and chemical
In addition, Fig. 4 shows the fragmentation ratio oncompositions of deposited films resulting from the varied
N, /N* as a function of the duty cycle where the “on” time abundances and cluster sizes present in the resultant plasmas.
varies from 20 to 20(us. Note that above 4fs the N /N* Two sets of specimens were considered, those films depos-
ratio increases with the “on” time, whereas below 46 the ited using Ar/GgH;¢ and those derived from J}XC;oH;g mMix-
relative intensity of the N fragment is greater than that of tures, giving GHy (hydrogenated DAL and the analogous
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The second sefDy3—Dgs and Dyg— Dyg) of specimens
refers to the samples containing nitrogen deposited under the
varied duty cycles above in Table I. Initially, samples depos-
ited under switched on/off regimes of 50/150 and 15Q450
are considered. XPS analysis of the specimens deposited un-
der these regimes now show significant differences, as listed
in Table I. Generally, these are identified in terms of atomic
concentration, envelope shapes, and chemical shifts resulting

20 40 60 80
Plasma ""on" time [ps]

solely from the change of the on/off ratio. Specimens depos-
ited under a 50/150 on/off ratio show very little oxygen at
the surface(2—6 at. %, whereas those deposited at 150/50
contain more oxyger3—14 at.% as in the previous non-
nitrogenated samples. Assuming the oxygen level is due to
superficial contamination and since the experiments were
carried out under similar quality vacuum conditiofcham-
ber base pressure 19 Torr), these oxygen levels in the films
. suggest that samples deposited at 150/50 are apparently more
.7e likely to absorb or accept oxygen at the outmost layers than
are the 50/150 films. Comparison of Table)land (b) also
shows differences in terms of the carbon and nitrogen
present in these films. Very little nitrogen is found in the
samples deposited at a 50/150 rdffe-10 at. %, Table(d)],
whereas, in those grown under 150/50 significantly more ni-
[c] ; trogen is found 17—30 at. %, Table(b)]. These differences
in both N and O may probably be due to a similar reason and
related to the uptake of “impurities” by DAC films by virtue
of its porous microstructure controlled by the energy of the
depositing species.
Table (a) and(b) also summarizes the nominal width at
* . half maximum of the XPS Cdenvelopes as a function of
g the atomic concentration. The specimens grown at a 50/150
- on/off ratio present narrower, more symmetrical, regular
0 3 To 1s 20 band profiles, with the peak positions remaining identical
Energy [eV] [Fig. 6(@]. The width of C & envelope varies from 1.7 eV
FIG. 5. Electrical characteristics of the plasma recorded using Lan muifor the DAC-type samples to 2.0 eV for the nitrogen contain-
probeVy, Vi, kT (a) were collected in anpargon plasma with SO?nTorr?SO ing speumer_l:ETab_le Kb)] In turn, samples deposited under
W as a function of the “on” time, whereas electron and ion dengiywere & 150/50 regime give widths of 1.7-1.8 eV for the DAC-type
collected under the same conditions but with 20 trigger offset. The eed  films (similar to the previous sgaind of 2.5-3.0 eV, as func-
(c) was measured in a nitrogen plasi290 mTor) at the trigger positions  tjon of nitrogen level for the nitrogen containing samples. As
52 and 57us.
expected, the latter set of samples show broader and non-
symmetrical band shapes as the nitrogen level increases in
the films[Fig. 6(a), Table [b)]. The superposition of Figs.
6(a) and Gb) indicate identical band positions for the DAC-
C«NyH, (carbon nitride filmg respectively. The DAC-type type sample regardless of the on/off ratio used. In turn, a
specimengDg,— Dy, and Dyg—Dy7) exhibit almost identical  slight chemical shift(~0-1 e\) appears in the nitrogen-
XPS spectra with repeated features in the C1s band enveeontaining films when the on/off ratio is varied from 50/150
lopes regardless of the on/off regime, with the other deposito 150/50us. This shift increases with an increasing nitrogen
tion parameters kept constant. However, small differencekevel in the films, likewise associated with the increasing
are present. For instance, 150/50 ratio films show a slightlpand asymmetr}f This suggests the presence of C-—N,
broader band with a nominal width at half maximum of 1.8 C=N, and G=N components but also a possible formation
eV against 1.7 eV for that from the 50/150 regime. Addition- of polymeric structure$®
ally, the amount of oxygen presefvia XPS survey scanst Given the role of the on/off ratio in determining the
the surface of these films is relatively higher in the 150/50plasma contents, Fig. 6, as well as the deposition process,
regime at~12 at. % against-2 at. % for the 50/150 case. another set of experiments was carried out to confirm and
This is probably related to the difference in the energy genqualify the earlier results presented above, i.e., that the
erated by the two regimes, whereby higher energy in the@tomic abundance is a function of the on/off ratio. Three
plasma generates relatively porous structures. Note, howeveseries of samples were deposited under 180/20, 20/180, and
the oxygen presence here remains at the superficial contanti©0/100us on/off ratios. Representative results are summa-
nation level*’ rized in Table (c) and Fig. &c). The same trends in atomic

=

D

Density (x 139
F-9
»O

20 40 60 80

Plasma "on" time [us]

& Trigger: 57 pus
& Trigger: 52 ps




1824 J. Appl. Phys., Vol. 91, No. 4, 15 February 2002 Zeze et al.

100,290 288 286 284 282 280
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— sof C:N:O [at.%]
‘g DO1
Q X .
8 D02 58:38.5:03.5
0
z2 D03 L
7 100
a = on/off = 100/100 p
o D04 =, ’
= Z 50
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g o} e Tl
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a
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0 o] TR
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Q
%\ DO7 100,404 402 400 _ 398 39
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[
E D09 50} C:N:O [at.%)]
D10 58:38.5:3.5
0 g
M 2 100}
290 288 286 284 282 280 on/off = 100/100
Binding Energy [eV =
g Energy [eV] 2 sl
z 93:04:03
2
[c] ) WA, 2GRS
100}
B on/off=20/180
g 50F
§ 72:25:03
@ 0 1 7 iy T
8 404 402 400 398 396
= ..
= Binding energy [eV]
FIG. 7. Curve fitting of the C4(a) and N X (b) envelopes for samples
260 288 286 84 282 280 deposit_ed_ unFier 20/1_80, 100/100, and 18043300n/off regi_mes, indicating
Binding Energy [eV] the_z varlat!on in the microstructures /s p?/sp®) as a function of the depo-
sition regime.

FIG. 6. Comparison of the XPS GZEnvelopes of the specimens grown
under the deposition regimes summarized in Table I: 50/1$0), 150/50 ) ]
us (b), 180/20, 20/180 and 100/1Q8s (c). in the duty cycle. As a result, a 1:1 on/off ratio produces

nitrogen-containing films with a near median proportion of
nitrogen in the films. Referring to the data presented in Fig.
concentration, width at half maximum, band shape, and}, showing a high abundance of,Nat the longer “on” pe-
chemical shift are confirmed. The oxygen contents remain aiods, one can assume thaj flays a significant role in the
a contamination levet-3 at. % in this set but the nitrogen formation of GN,H, compounds, although additional data
concentration rises te-38 at. % for the highest “on” period may be required before a final conclusion is drawn on the
(180/20 us) and is the lowest at-4 at.% for the reverse incorporation of nitrogen in hydrogenated amorphous carbon
regime (20/180 us), with the C & envelope widths at half matrix. The energetic N species may also play a role as an
maximum 3.3 and 1.9 eV, respectively. The 100/100 regimesnergetic etchant of weakep? bonds, which then allows
data further confirm expectation, with the nitrogen present irhigh absorption within the film microstructure.
the resulting films at~25 at. %, with 2.7 eV for the Csl Curve fitting of Ck and N & envelopes of specimens
bandwidth at half maximum showing a regular and sym-D;4, Dy,, and D;is given in Fig. 7, indicating the change in
metrical shape. It can be concluded, therefore, that the longeéhe microstructure as a result of the deposition regime. By
the power pulse stays on the more nitrogen is present in thenalogy to fitting data publishéd,C;—C,and N.—N; are
films derived from a W/C,H,g mixture. The opposite is also attributed to C-C/&C(284.5 eV}, C=N(285.5 eV,
true in the sense that the nitrogen level in the films is lowelC—N(287.7 eV}, C=N(286.8 eV}, and N-(398.3 eV,
if the power is switched on for a significantly shorter period N=C(399.9 eV}, N=C(398.8 eV}, respectively. Significant
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oxygen contribution to the Csland N I envelopes was dis- j T
counted because very little oxygén3 at. %9 was found in *
the specimens considered. Clearly, the operating duty cycle :
and the on/off ratio are significant factors unequivocally in-

Contact angle [ ° ]

fluencing the contribution obp/sp?/sp® fractions to the

C1sand N X envelope. Figures(@) and 7b) show that the 504 tae

intensity of the band at 284.5 eV increases as the “on” pe- 45 ""59-;;-;-&-&&?&_
riod decreases, giving Gkentered at 285 eV and N ten- ] " = = "

tered at 398 eV, indicative of amorphouslike-films. It is
therefore reasonable to argue in agreement with those
report$®* that establish a direct link between carbon clus-riG, . Typical contact angle measurement of the specimens grown with
ters and the properties of the corresponding deposited filma50/50us pulsed plasma in a,gH,¢/N, gas mixture, as function of time.

In order to obtain additional structural information, contact

angle measurements again were carried out.

Time [s]

oxygen. Note that the contact angles for samplgs B sta-

bilize at a relatively low value although the initial value is
D. Contact angle measurements high. Figure 8 illustrates a typical example with the water
droplet spreading across the surface. 40 different frames

Contact angle#) measurements were performed on theWere recordedtal s intervals. The contact angle is observed

same specimens in order to investigate possible structural % decrease rapidly in the first few seconds then more slowly
compositional differences on the film surfaces, reflected in

. . : until a stable value is reached. The drogleful) was found
changes in their surface energies as a result of the Changestltp stabilize after~15 s to gived in the 65°—40° range for
the on/off rati_o. Ablank silicon wafer giving=49® (distill_ed . nitrogenated specimens grown under a 150/50 on/off regime.
¥V:;?é’ |18A g!f] tgl;eg_?s : frl:zr?]nt(r:g. ggiéi?:.lfnarigie?egn contrast, those grown under a 50/150 ratio conditions gave
are cor;s'dgerled The )Ig,)AC—t R ; egc'mens ! é g or ph' a near stable droplet behavior almost immediately, enabling

! o ype Spec give a very IgI?epeated and near identical contact angle measurements to be
contac.t. angldg>70°) .regardless Of. the on/off ratio used for made over extended periods of tif@vaporation effects are
deposition. In tm, nitrogen-containing samples show Vary'discounteai These differences may be indicative of the sur-

ing contact angle data depending on the duty cycle. AIthougrf"ace stability or short-term instability, surface polarity of the

DAn?'t)d/ﬁ_fe rsp::mmzns all Srh?r\?:jh'gc:] merisurried ﬁor]lt;::t angieﬁlms concerned but at some extent strongly suggest the pres-
some ditierences do occur. Indeed, comparison of tNe COMags, . o porous structures in the films.

angles associated with the on/off ratios used indicates that On the basis of the XPS results obtained and the contact

Clsgérd;ﬁig%')ggsraet).(:t'. F;i ?()S‘:[an%ee,reDﬁsCt-r?clyzi f||rrgs rglz"ror\]'\_mangle measurements, further measurements were performed
ger 2 50/150 on/;ff gr';/ ';1e . V:;_SOO S egt'nw el:1- on samples B;_;,grown under the conditions described ear-
9l gve=ob, suggesting lier. As the nitrogen level increases t©38.5 at. %(D4,

zggg:di g'bgl?gxilug;%zegﬁsr mai)rln brtz)vg;elsuet?rtic;icme;ea 180/20 on/off ratig, the contact angle decreases significantly
o gy Imp 34°, following the trend already illustrated in Fig. 8. As

over_coat layer and reduces friction when used as a hard (.j'sexpecte d, specimen,pgave straightforward and stable con-
coating. Indeed, surface energy, contact angle, and lubric

: : ) NCRact angle data at-77°, consistent with the results presented
3,24 )
:Ir?;gnegt?c IIgtlf)er}ggéog::gr]lerlilogyangnzreas%feérg?rtsagieng;n il Table_ (a@). Specimen By, grown under_a 100/100s duty
plasma in the context of film gr.owth which is of interest is to ycle, gives a stable cgntact anwo) whm_h was measured_
control the resultant contact angle of the surfaces produceg veran extgnded period. Additionally, this samp_le contains
. ; . ~25 at. % nitrogen and-3 at. % oxygen, suggesting that a
leading for example to the use of much thinner lubricant

layers when the film surface energy is very low. However itstable surface sample, offer.ing good tribological properties,
' ' “can be prepared by controlling the growth parameters care-
may be indicative of smoother, flatter, and pin hole free filmsﬁmy' The decrease in the .contact gngle capnot be attributed
but could also suggest the pr,esence, of either a more amo?—nly o the presence of nltroge.n. since a high gontact angle
: : surface can be produced, providing an appropriate on/off re-
phous or polymer-like with low hardness. : : ! L :
The XPS data shows that all samples deposited under ime is _u_sed for film deposition, i.e., _structural, as well as
: . . . X ompositional effects need to be considered.
50/150 us on/off ratio contain relatively little nitrogen. The
corresponding contact angles are relatively high-70°), E Optical d
similar to those shown by the hydrogenated DAC-type speci- ptical data
mens. The contact angles resulting from samples grown un- Optical refractive index measurements performed on the
der a 150/50 ratio appear to depend on the nitrogen contersamples are shown in Table Il. Specimens in Table Il were
giving the highest value at 67°, with17 at. % nitrogen and selected to be a consistent representation of the various on/
~13 at. % oxygen present in the film. As the nitrogen contenbdff regimes used. The film thickness values obtained after 10
increases a significant decrease in the contact angle takesin deposition are consistently comparable with the growth
place. For instance, the contact angle decreases to 41° wheate of 0.6 um/h reported previously for films prepared
the nitrogen content increases 80 at. %, with~3 at.%  under similar, but nonpulsed, deposition conditions. The film
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TABLE II. Film thickness and refractive index as a function of the on/off regimes used.

Specimens B Dy Dy D1, Di3

On/off regime(ws) 50/150 150/50 180/20 20/180 100/100
Refractive index 2.08= 0.04 255+ 010 256+ 0.09 191+ 0.09 237+ 0.08
Film thickness(A) 1271 = 36 874 = 50 870 £ 42 1457 = 100 1017 = 60

thickness and refractive indices listed in Table Il indicatelV. CONCLUSION
clearly the differences occurring as a consequence of the
changing deposition regimes used. For instance, lower “on” It has been demonstrated that hydrocarbon clusters, de-
regimes give a relative low refractive index and thicker filmsrived from the hydrocarbon {gH;¢, can be produced in an
(Dos, Dyp, With 2.1, 1270 A and 1.9, 1460 A, respectively inductively coupled plasma and their size and relative abun-
In turn, 150/50 and 180/2@s regimes exhibit near identical dances controlled, by choosing carefully the power on/off
refractive index(~2.6) and film thicknesg870 A). Itis an-  ratios for a fixed duty cycle generated by an adjustable
ticipated that these results suggest a faster growth(8a8  switching unit in the driving rf supply. Mass-energy diagnos-
for the lower “on” period (20/180us) as opposed to longer tics show that smaller-sized clusters are produced when the
“on” regime (180/20 us). Generally, the thickness should plasma is switched on longer for the chosen duty cy2G0
not affect the refractive index unless ultrathin films are con-«s in the current study whereas the opposite on/off regime
sidered. However, films with low refractive index exhibit a Will produce larger-sized clusters preferentially. Langmuir
wider band gap while a narrow band gap is associated with Brobe diagnostic data from the plasmas indicate that the elec-
higher refractive index® The films are transparent and there- trical characteristics observed are affected strongly by the
fore we expect them to exhibit a relatively high refractive experimental conditions, notably by the on/off switching re-
index (1.9—2.6 as shown in Table II. It is believed that ni- gime and by the position of the trigger signal initiating data
trogen incorporation in amorphous carbon films helps to procollection.
mote the formation op? bonds followed by an increase in Postdeposition XPS data of the specimens grown under
the refractive index and a decrease of the optical band gap &e duty cycles(50/150, 150/50, 20/180, 180/20, and 100/
the film becomes more graphiticlike. The results presented00 us) clearly indicate that the samples grown at shorter on
here agree with those reported in the literatfrehich show  periods contain very little nitrogetup to 10 at. % and the
a clear decrease of the optical band gap as the nitrogen cofXygen remains at a superficial contamination le{&+6
centration increases, suggesting an increase of refractive it. %9. The C kenvelopes of these specimens show a regular
dex as seen in Table Il. These results once again indicate thaape and narrow envelope widths at half maximdn7 -
optical properties of the amorphous carbon films can be cork.0 €V). In turn, specimens grown under longer “on” periods
trolled using appropriate pulse regimes, consistent with ou@ive broader envelope@vidths at half maximuns1.8-3.3
earlier results regarding the surface chemistry, the structuragV, depending on the gas mixtures used for depogitidth
electrical, and tribological properties. asymmetrical band shapes. The latter regimes are favorable
to a higher incorporation of nitrogen in the films-38.5
at. % for samples deposited under a 180/20on/off ratig
while the oxygen content is slightly highér3-12 at. %,
although still at the contamination level. Specimens grown
under 50/150, 20/18@s regimes gave high contact angles
Badyal et al?’ recently underlined the interest in the (#=70°-849, suggesting low surface energy with possibly
“smart surfaces® by control of the deposition plasma. Puls- better lubricant properties and low friction, as a result. In
ing a plasma has proved to be an efficient technique in suontrast, specimens deposited under the reverse ratios
face polymerizatiof? processes and for enhancing adhesive(150/50 and 180/2@:s) showed low contact angles, suggest-
treatment, appearing to allow better control of the desiredng poorer tribological properties for such films. The signifi-
surface properties. In a number of ways, the results presente@nt decrease of the contact angle may be affected by any
in this article are in agreement with the work of Bad$/al, surface texture present. In these circumstances the possible
Huttonet al,?® and Ryaret al?° while opening new applica- porosity of the surface should be also considered. Finally, the
tion potential in thin film deposition for control of surface combination of data derived from both XPS and contact
structure, morphology, and properties via a pulsed plasmangle measurements are consistent and suggest clear differ-
By adjusting thesp?/sp® ratio, optical, electronid? and tri-  ences in the morphologgnow under investigation the sta-
bological propertie¥ of DAC-type carbons can be modified bility, porosity, and polarity of such surfaces. Deposition de-
at will. For example, the band gap varies with e clus-  pendent differences in the surface features of the processed
ters size and the conductivity with tlsg?® states’> As such, films were further confirmed by the optical data showing
tuning the mass distribution by pulse plasma control durindower refractive index and faster growth rate in the condi-
film deposition therefore offers a powerful way of control- tions described. The methodology used is now being refined
ling film properties. and extended to other molecular precursors.

F. General discussion
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